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L. INTRODUCTION

GaAs and AlGaAs alloys are the principal semiconductors used in the production of
advanced solar cells. The efficiency of these advanced solar cells is determined primarily by
carrier recombination dynamics. A time-correlated single-photon counting technique,1
commonly referred to as transient photoluminescence (TPL), has become the primary
experimental method for the evaluation of minority carrier lifetimes of III-V materials. The
TPL method consists of using a pulsed laser to excite carriers in a semiconductor sample, and
then monitoring the decay kinetics of the photoluminescence arising from the carrier
recombination. Until recently, the minority carrier lifetime properties of these materials were
reported as a single lifetime obtained from a TPL measurement.> This lifetime was extracted
from the photoluminescence decay curve by selecting a region which showed single
exponential decay behavior and determining the slope in that region. Thus, the minority
carrier lifetime was simply the time required for the measured response curve to fall to 1/e of
the value at which the single exponential behavior began. It was assumed that the effects of
nonlinear band-to-band (BB) recombination could be avoided through this procedure.
However, there was significant scatter in data taken from systematic TPL studies, and the
reported minority carrier lifetime values were not always consistent with the performance
obtained from solar cells fabricated using the measured material. A recent report3 on a series
of TPL measurements on GaAs and AlGaAs samples showed that the variation in measured
lifetimes can arise from the use of different laser excitation intensities in the TPL apparatus.

A typical TPL decay curve for double heterostructure (DH) semiconductor materials is
shown plotted in a semi-logarithmic chart in Fig. 1. There are three time domains of
importance in the analysis of this result. In the first time domain, TD1, the TPL result shown
displays a rapid rise, as carriers are generated in the sample by absorption of the ultrashort
optical pulse, followed by a rapid nonlinear decay of the luminescence within a few
nanoseconds. The second time domain, TD2, from approximately 25 nsec to 100 nsec, shows
luminescence that decays with what appears to be a constant lifetime. Finally, in the third
time domain, TD3, the period after 100 nsec, the luminescence decay appears to be the result
of a faster process as the signal tails off into the noise. Notice that we can follow this signal
over about four orders of magnitude. This is not atypical for these kind of TPL
measurements. This particular result was obtained by picosecond optical excitation of a GaAs
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Figure 1. Typical transient photoluminescence decay curve of a GaAs double heterostructure
showing emission intensity, in counts. as a function of time.




DH with a train of 20 psec (FWHM of Intensity) optical pulses from a cavity-dumped dye
laser with a repetition rate of 400 kHz. The laser wavelength was 590 nm. The average
power incident upon the sample was 3.7 mW, and the laser spot was focussed to 82 um (HW
1/e of Intensity). Consequently, the energy per pulse was 9.25 nJ, and the peak fluence at the
sample surface was 0.044 mJ/cm?. The GaAs layer was 7 um thick, sandwiched between two
layers of Alo.gGao_lAs, each 50 nm thick, all on a GaAs substrate. The temporal resolution of
these TPL measurements was approximately 100 psec.

The physical phenomer.a responsible for the shape of the TPL curve are quite
complicated. Excess carriers are injected into the GaAs layers by absorption of the picosecond
light pulse. The 590 nm light is strongly absorbed in the GaAs layer. However, the energy
bandgap of the Alo‘gGao.lAs layers is larger than the energy of the quanta, so that little light is
absorbed in these layers unless the optical pulse intensity is large enough that two-photon
absorption becomes significant. At the optical intensities discussed here, two-photon
absorption is negligible in these Alo.gGao.lAs layers. The highly nonequilibrium electron-hole
plasma thus produced in the GaAs layer evolves rapidly through carrier diffusion, interface
recombination, and bulk recombination processes. Part of the bulk recombination is radiative
and depends strongly upon the excess carrier concentration. The features of the TPL curve are
caused by the changing excess carrier concentration in the sample during this process. At high
excess carrier densities (Ap > > N, where Ap is the excess hole concentration and N, is the
donor density), nonlinear recombination processes such as BB radiative and Auger
recombination dominate over processes such as Shockley-Read-Hall (SRH) recombination.
These nonlinear processes rapidly reduce the excess carrier concentration, causing the sharp
drop observed in the initial signal shown in Fig. 1. At longer times, the excess carrier density
is reduced enough that SRH processes can compete with processes such as BB radiative
recombination and Auger recombination. Moreover, high excess carrier densities can saturate
the SRH recombination centers in the sample and alter the contribution of this process to the
effective lifetime. At intermediate carrier densities (Ap = N, this saturation of the SRH
process can cause the effective lifetime to be dominated by BB recombination, even when the
BB lifetime is longer than the minority carrier lifetime. When these effects occur, the lifetime,
measured from a single exponential region of the decay curve, is not the true minority carrier

lifetime. In fact, it is not clear where on Fig. 1 the slope of the decay curve should be taken




or even if a lifetime extracted from any region of such a curve corresponds to the true minority
carrier lifetime. The theory which explains the effects of saturation of the SRH recombination
centers was summarized by Blakemore.*

Recent observations of the variation of lifetime with excitation intensity were shown to
be consistent with SRH theory.3 Results of TPL measurements on an AlGaAs single
heterostructure (SH) at four different excitation intensities are shown in Fig. 2. These results
show the decay through regions TD1 and TD2. The transition from region TD2 to region
TD3 is not clear in these measurements, probably because of the short lifetimes observed in
this sample. The sample was a SH with an approximately 5 pum thick active region of n-
A]o.3sGao. 62As doped at ND = 2x10'7 cm™. The active layer was bounded on the top side
by a 100 nm thick layer of Alo.sGao.zAs' Lifetimes were extracted from region TD2 using the
slope extraction technique described above. The extracted lifetimes for the four measurements
of Fig. 2, as well as those of other excitation levels, are shown in Fig. 3 as a function of the
excitation level. The carrier densities indicated along the ordinate of Fig. 3 are those peak
carrier densities that would occur in the absence of diffusion and recombination, not the actual
carrier densities during TD2, from which the lifetime was extracted. The actual carrier
densities in region TD2 cannot be determined directly from the TPL measurements. However,
over this range of excitation intensities, it is clear that the extracted lifetime is short at low
excitation intensities, increases with increasing excitation level, and saturates at a higher value.
This, again, is consistent with the saturation of the SRH recombination process described
above. Similar measurements on two other AlGaAs SH samples, with doping densities of
6x10'® and 7x10'® cm'3, yielded similar results. The analysis performed previously on these
results ignored the effects of BB recombination. As we shall show below, while this analysis
was adequate for the results of Fig. 2, the analysis for the other two samples should have
included BB recombination effects.

The purpose of this report is to expose the limits of applicability of various simulation
techniques from which minority cerrier lifetimes have traditionally been extracted. We show
that, contrary to recent reports,2 it is not possible, in general, to extract the true minority
carrier lifetime from a single TPL measurement at a selected intensity. We also show that, in
general, an intensity study is required to obtain the true recombination properties of a sample.
The purpose of this discussion is not to make detailed comparisons of calculated TPL curves

10
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Figure 2. Transient photoluminescence decay measurements at excitation intensities increasing
from (a) to (d).
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with those obtained from measurement. Given that the observed relaxation lifetime depends
on the intensity used in the TPL measurement, or equivalently, the instantaneous carrier
concentration, there are additional effects which must be considered. In this report, we also
investigate the effect of carrier excitation and diffusion characteristics on the TPL method. A
more extensive report including comparison with experimental results will be published

elsewhere.
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I SIMULATION METHODS

In the following discussion, we consider the analysis of TPL data using various
methods, including: (a) a one-dimensional computer simulation of excess carrier generation,
diffusion, and recombination; (b) a recently proposed model’ that includes only recombination
effects but purports to extract both the minority carrier and majority carrier lifetimes; and (c)
.arious other efforts at recombination rate analysis.6'25

limitations of these methods.

We compare the capabilities and

A. One-dimensional computer simulation

The TPL phenomena we discuss here occur within a three-dimensional spatial volume
of a sample photo-excited by an optical pulse with a Gaussian spatial and temporal profile. A
complete solution of the complex dynamics involved in the TPL process would involve solving
the equations governing the evolution of the photo-excited carriers within the excited volume,
including carrier generation, diffusion, and recombination. No known analytical solution
exists for this complicated, nonlinear problem. A complete solution can be obtained
numerically via a finite-difference approach with two spatial dimensions (one longitudinal and
one radial) and the temporal dimension. Such a solution is extremely computationally
intensive. However, we can obtain useful insight into the processes involved in TPL with a
simpler approach which is less computationally intensive. In this approach, we ignore the
radial dimension and solve the problem numerically using a finite difference approach
considering one spatial dimension and the temporal dimension.

In order to analyze the full range of carrier dynamic effects on the TPL technique, a
time dependent, one-dimensional computer simulation was utilized. As formulated in this
section, the solution is explicitly for n-type samples, but similar equations apply for p-type
samples. The equation solved is given by

dp/dt = G- Rpp -Repyy + V- Jp M

13




The simulator included models for the following processes: (i) sample excitation by a laser
pulse with Gaussian time profile and Beer's law absorption in the semiconductor; (ii) one
dimensional, ambipolar diffusion of photogenerated carriers in the sample; (iii) independent
front and rear interface recombination velocities; (iv) BB radiative recombination; and (v)
nonradiative SRH recombination. The analytic expressions for each of these processes, along
with baseline values for the parameters appropriate to GaAs, are given below.

The generation function G describes the optical generation of excess carriers due to

absorption of laser light by the GaAs,

G(x,t)=G exp(-ax) exp -(t/tp)2 Q)
with the specified absorption coefficient a, and pulse width tphp = 10 ps), where G0 takes
into account the pulse energy, the spot size on the sample, and the amount of light transmitted
into the optically excited region. Carrier diffusion in the sample along the surface normal is

accounted for by the standard expression

V- I = D d’p/dx’ )]

D

where D is the ambipolar diffusion coefficient. Interface recombination at the front interface
(x=0) is described by

D dp/dx(x=0) = S;p(x=0) é)

where Sf is the front interface recombination velocity. Rear interface (x=L) recombination is
described by

D dp/dx(x=L) = -Sb p(x=L) (6]
where S, is the rear interface recombination velocity. The BB recombination rate is defined as

Rgp = B (p n-n.2) (6)

14




where B is the radiative recombination coefficient and n, is the intrinsic carrier density. SRH
recombination is described by

Repy = @ ND+Ap2)/[-rp(ND+Ap)+r Ap] ™

where 7_ and T, ae the majority and minority carrier lifetimes, respectively.

The primary features of the carrier relaxation process are determined by processes (iv)
and/or (v), given by Eqgs. (6) and (7). The BB recombination is quadratic in the excess carrier
concentrations Ap = p - P, and &n = n - n, (where n, p, = ni2 ) when the excitation,
described by the function G, is large enough that Ap >> N,. In this regime, the
instantaneous lifetime will vary continuously, and semilog plots of the photoluminescence
intensity vs. time will be curved. It will not be apparent where the slope of the decay should
be taken to represent the sample lifetime. When Ap << N, the BB relaxation is pseudo-
first order in Ap, i. e.,

Rgg = BNpap, (8a)
and a unique BB lifetime can be defined. For example, the BB lifetime is
TRB = llNDB = 50 ns (8b)

for N, = 1x10'7 cm™ and where B = 2x10°'% cm¥/sec. If BB is the only recombination
mechanism, then this will be the observed lifetime. In the majority of samples examined
experimentally, SRH recombination is also important. The SRH recombination also shows
limiting behavior at high and low excitation. This analysis of SRH recombination is based
upon the simple energy level diagram shown in Fig. 4, where the SRH recombination is
mediated through a single recombination level located somewhere within the forbidden gap.
At high excitation, where 4p > > ND , the recombination centers are occupied by electrons
and holes, so that the SRH recombination process includes both the capture of holes and
electrons. Thus, the SRH rate is

15
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RSRH = Ap/ (rn +‘rp) , )

and the effective lifetime due to the SRH process is (rn + 1P ). In the low excitation limit,
where Ap << ND , the recombination centers are occupied predominantly by electrons, so
that the SRH process is dominated by the capture of holes, and the SRH rate is

Regy = 4p/ ™ (10)

so that the effective lifetime due to the SRH process is T Note that the significance of the
inequality Ap << ND that was used to obtain Eq.(10) from Eq.(7) depends upon the
relationship between the minority carrier and majority carrier lifetimes. If T = T then the
low excitation regime can be reached at carrier densities up to about 10% of N, . If
T = 10 Too then the low excitation regime can be reached at carrier densities up to about 1%
of ND . If T = 100 Ty then the low excitation regime can be reached at carrier densities up
to about 0.1% of ND. Thus, the interplay between the BB and SRH processes can be expected
to produce a number of lifetime variations with excitation intensity and time. This interplay
depends critically upon the relationship between oo Tpo and ND . One of the primary
purposes of this work is to explore the range of these effects with a minimal number of
approximations.

Internal electric fields are not treated in (i)-(v), in order to simplify the convergence of
the simulation. This approximation is reasonable when there are no junctions present, and
only ambipolar diffusion and recombination occur. Inherent in this approximation is the
inability to treat the effect of band bending at interfaces on carrier transport. Auger
recombination was also not included in this simulation. However, its absence will not affect
the conclusions drawn from this analysis. We also do not include the effects of photon
recycling5 in this analysis.

Various kinds of DHs were studied. The DHs consisted of active regions of either
GaAs or AlGaAs, with confinement layers of Alo'gGao.lAs. Two different thicknesses of
AlGaAs samples are treated. The values used for the parameters in the above equations are

listed in Table 1.  The values chosen for the majority and minority carrier lifetimes are

17




T = S0 nsec and T = 5 nsec. These lifetime values are reasonable for good quality GaAs
and Al Ga, As. The values for the ambipolar diffusion coefficient were calculated from
mobility values for both electrons and holes,26 using the Einstein relation to convert mobilities
to diffusion coefficients and then using D = ZDnDp/(Dn+Dp). The values for absorption
coefficient were obtained from the Handbook of Optical Constants of Sgligs.27’28 The
radiative recombination coefficient B was chosen to have the value commonly cited in the
literature. 2101121 gome reports have recently suggested that this value may vary slightly
with doping level.6’9 This is unlikely.29 However, even if true, such a variation would not

alter the conclusions stated herein.

Figure 5 shows the temporal dependence of the BB recombination rate computed using Eqgs.
(1)-(7) for a GaAs DH under several excitation intensities. TPL measurements represent the
amount of light collected from the entire excitation volume during each time interval. The

results shown in Fig. 5 were calculated at each point in time by evaluating the radiative rate,

TABLE 1. Parameters Used in the Numerical Solution.

SAMPLES GaAs Alo.3zGao. 68As Alo.oscaoszAs
L (um) 5 5 15 5 15
aem?)  sa1x10*  3.5ex10® 3.56x10*  4.24x10* 4.24x10°
t, (psec) 10 10 10 10 10
D 19.2 9.8 9.8 16.7 16.7
(cmzlsec)
Sf (cm/sec) 1000 1000 1000 1000 1000
S, (cm/sec) 1000 1000 1000 1000 1000
B (cm/sec)  2x10'° 2x10'° 2x10'° 2x10'° 2x10'°
n cm™) 1x10° 1x10° 1x10° 1x10° 1x10°
7_(nsec) 50 50 50 50 50
7, (nsec) 5 5 5 5 5
18
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Figure 5. Calculated band-to-band recombination rate, integrated over sample thickness, as func-
tion of time for GaAs double heterostructure. This rate is assumed to be proportional to the exper-
imentally observed luminescence intensity at the corresponding time. The curves each represent
results from a different assumed laser pulse energy: 0.1 nJ (solid line), 100 nJ (dotted line), 400 nJ
(dot-dashed), and 4000 nJ (dashed line).
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given by Eq. (6), at every spatial point and integrating the result over the thickness of the
sample. This one-dimensionally integrated radiative rate is assumed to represent the signal
observed in the TPL experiment, since all other significant recombination mechanisms are
nonradiative. Of course, the excess carrier population in the sample at a given time is being
determined by both BB and SRH processes. The curves correspond to excitation pulse
energies of 0.1, 100, 400, and 4000 nJ. These pulse energies correspond to incident fluences
of 0.00043 mJ/cm?, 0.430 mJ/cm?, 1.72 mJ/cm?, and 17.2 mJ/cm?, respectively. The carrier
concentration of the GaAs before illumination is 1x10'7 cm n-type, and the excitation spot is
Gaussian with a radius of 86 um (HW 1/e of intensity). The 0.1 nJ simulation shows a single
exponential decay with a characteristic time of approximately S ns, which corresponds well
with T The decay curves at the three higher pulse energies are similar to the result of the
TPL measurement shown in Fig. 1, showing qualitatively similar features as the TPL
measurement in all three time domains of interest. For these three fluences, TD2 is relatively
short, ending at about 40 nsec, followed by single exponential behavior in TD3. These three
results are essentially identical during TD2 and TD3. The reason that the shape of the decay
curve becomes independent of pulse energy in the high energy limit is due to the effectiveness
of the nonlinear BB recombination process. At high excess carrier concentrations, BB
recombination dominates and quickly reduces the excess carrier concentrations to levels where
the recombination becomes dominated by the other processes described above. Consequently,
at high excess carrier concentrations, in the temporal region within a few nanoseconds of
excitation, the excess carrier recombination evolves rapidly and is dominated by BB
recombination. In the temporal region beyond a few nanoseconds after excitation, there is an
effective saturation of the excess carrier concentration. This result is significant because it

indicates that there is a limit to the level of excitation which can be achieved experimentally in

the time domain of interest, i. e., in the time domain from which carrier lifetimes are usually

Inspection of Eq. (9) suggests that for samples in which SRH recombination is
important, sufficiently high excitation levels will produce single exponential decays with the




effective lifetime (rn + Tp ). However, under the realistic conditions just simulated, it is
clear that the BB process might prevent this situation from being achieved. In particular,
depending on the relative magnitudes of the BB coefficient [Eq. (6)] and the carrier lifetimes,
it may not be possible to observe a time regime where the decay time is either T, O (r, + T )

In Fig. 6(a)-6(d), we show results of one-dimensional simulations of 15 um thick
Aleal_xAs DHs for excitation energies of 0.1, 400, and 4000 nJ. Results are shown for: (a)
x =032, Ny = 2x10"" em™; ®) x = 032, Nj = 2x10" em™; (0 x = 0.08,
ND = 2x10" cm'3; (d) x = 0.08, ND = 2x10'® em™. Here, the results are qualitatively
similar to those shown for the GaAs DH. The results at 0.1 nJ excitation are all essentially
single exponential. Again, as with the results for the GaAs DH, the simulations at the higher
excitation energies are virtually identical at times longer than a few nanoseconds. In
comparing Fig. 6(a) to Fig. 6(c), we see that there is little difference in the simulations
relative to the proportions of Al and Ga in the DH. Similar comparison of Fig. 6(b) to Fig.
6(d) yields the same result. However, in comparing Fig. 6(a) to Fig. 6(b), we see that there
are substantial differences in the slopes of the simulations at the longer time delays for samples
with the same alloy but different donor densities. Remember that, within this time domain,
the BB recombination rate has become pseudo-first order and the BB lifetime has become
constant. This constant BB lifetime, from Eq. (9), is 25 nsec for a donor density of

3

2x10"” cm™ and is 250 nsec for a donor density of 2x10'® cm?. Consequently, if

Ap < < N, the effective lifetime is given by

Urgge = Uy + Ur, (1)

017 3

which yields an effective lifetime of 4.17 nsec for the sample doped to 2x10" " c¢cm ~ and an
effective lifetime of 4.9 nsec for the samples doped to 2x101€ ¢m™3. Even though the curves
approach a single exponential response, the slope of the response is not the minority carrier
lifetime unless 7 P << rgg- While this effect does not seem remarkable from the examples
given, leading to a 20% difference in one case and a 2% difference from the minority carrier
lifetime in the other case, consider the confusion if, for example, rp = 100 nsec. For this
value of the minority carrier lifetime, the effective lifetimes would be 20 nsec and 71 nsec for

the two doping densities. Simple extraction of the minority carrier lifetime from the slope of a
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Figure 6. Results of one-dimensional simulations of integrated band-to-band recombination in
15 pm thick Al,Gaj.,As double heterostructures for excitation energies of 0.1 nJ (dot-dashed line).
400 nJ. (dotted line). and 4000 nJ (solid line). Results are shown for: (a) x = 0.32. Np =
210" cm=3: (b) x = 0.32. Np = 1016 cm™3.
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Figure 6. Results of one-dimensional simulations of integrated band-to-band recombination
in 15 um thick AlyGa;_zAs double heterostructures for excitation energies of 0.1 nJ (dot-
dashed line), 400 nJ, (dotted line), and 4000 nJ (solid linea). Results are shown for: (¢)x =
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measured TPL curve thus requires accurate knowledge of both the donor density and the BB
recombination coefficient.

In Fig. 7(a)-7(d), we show results of one-dimensional simulations of thinner, 5 um
thick Aleal_xAs DHs for excitation energies of 0.1, 400, and 4000 nJ. Results are shown
for: (a) x = 0.32, Ny = 2x10' em™; ) x = 0.32, N, = 2x10'® em™; (¢) x = 0.08,
Ny, = 2x10"’ cm'3; d) x = 0.08, Ny = 2x10'® cm?3, Here, again, the results are
qualitatively similar to those shown for the 15 um thick AlGaAs DHs. The differences are
marginal and are due to the differing effects of diffusion within the DHs on the resulting
carrier density. Remember that the carriers are initially deposited near the front interface and
diffuse rapidly into the material. Diffusion is more effective in producing a uniform carrier
distribution throughout the optically excited region for the thinner structures. The conclusions
we draw from this set of simulations are identical to those drawn from the results for the 15
um thick DHs.

The TPL curves shown in Figs. 5-7 cover a wide span of incident optical pulse
energies. In each figure, one result is presented at 0.1 nJ incident energy. The TPL response
for this energy is essentially a single exponential response indicating that Ap < < N,. The
TPL curves at the other energies in the Figs. 5-7 are all at incident optical pulse energies
substantially higher than the measured TPL response shown in Fig. 1. However, the
phenomena responsible for the formation of TPL curves similar to those shown in Fig. 1 begin
to make themselves evident at incident optical energies between 0.1 nJ and 100 nJ. In Fig.
8(a) and 8(b), we show the results of simulations of optical excitation of the S um thick
Alo.osGaoszAs DH at energies of 0.1, 1, 5, 10, and 50 nJ. In Fig. 8(a), ND = 2x10'¢ cm'3,
whereas in Fig. 8®), Ny = 2x10'7 cm™. The difference between TD2 and TD3 can be
clearly distinguished at incident energies as low as 1 nJ for the less heavily doped sample. The
corresponding fluence for this spot size would be 4.3 p.J/cm2. Furthermore, all of the
simulated curves at energies greater than 1 nJ show the sharp peak during and immediatelyafter
the excitation process that is indicative of the nonlinear BB and SRH recombination processes.

Finally, note that in these simulated TPL curves in Figs. 5-8, we follow the results
over many orders of magnitude. In reality, the signal-to-noise limits of the light collection and
detection system would impose a floor below which no signal would be observable (see the
appendix). The lowest signal levels are observed in TD3, from which one hopes to
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Figure 7. Results of one-dimensional simulations of integrated band-to-band recombination
in 5 um thick Al,Gaj4As double heterostructures for excitation energies of 0.1 nJ (dot-dashed
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unambiguously extract information concerning the minority carrier lifetime. If observation of
the TPL response in this time domain is limited by signal-to-noise considerations, then the
extraction of the minority carrier lifetime becomes more problematical. Thus, over the range
of thicknesses discussed here (i. €., 5-15 um) and over the range of alloy parameters discussed
(i.e., x=0.08-0.32), we conclude that extraction of carrier lifetimes from TPL measurements

requires extremely careful analysis of the results.
B. Recombination effects model

Recently, Ahrenkiel and coworkers have developed a simpler model based upon SRH
recombination alone to analyze the results of TPL measurements.’ They obtain a relatively
simple nonlinear differential equation by ignoring the early stages of the excitation/relaxation
process and the BB process. In this approximation, a uniform carrier distribution is assumed
to develop after a few nanoseconds, and the problem is solved only from that time onward.
The initial excess carrier concentration is simply obtained by distributing all of the generated
carriers uniformly throughout the sample volume. In this approximation, Eq. (1) is replaced
by dp/dt = - R »
densities are imposed as an initial condition at this point in their analysis. We have solved this

where RSRH is defined in Eq. (7). The exact values of the carrier

equation numerically as a function of initial excitation power to obtain the results shown in
Fig. 9 in complete agreement with their results.’ As in Fig. 5, the abscissa is RBB , which is
assumed to be the experimental observable, i. e., the photoluminous intensity. The labels on
the curves indicate the (homogeneous) excess carrier concentration immediately following laser

excitation, normalized to the equilibrium concentration of 2x10!7 em™.

The highest level
corresponds to a pulse energy of 38 nJ in the geometry assumed for the results displayed in
Fig. 5. The lifetimes assumed are the same as for Fig. 5, namely 5 ns and 50 ns for minority
and majority carriers, respectively. However, the family of curves is valid for any choice of
lifetimes with a 10:1 majority/minority carrier lifetime ratio. These solutions suggest that for
sufficiently high excitation levels, a two-component decay can be observed. The early stages
of the decay show lifetimes which are close to T+ Ty and the later stages, to T - In Fig. 9,
the curve corresponding to the highest excitation does have an initial slope near

T+ = 35 ns, and the later slope is near = 5 ns. However, the complete solution of the




LOG (INTENSITY)

TIME (units of min. carrier lifetime)

Figure 9. Simulated band-to-band recombination rate in GaAs double heterostructure, assuming
uniform distribution of generated carriers and ignoring band-to-band recombination. X-axis rep-
resents time, normalized by the minority carrier lifetime. Labels on the curves refer to the excess
carrier concentration, normalized by the sample equilibrium carrier density.
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Figure 10. Same as Figure 9, except that band-to-band recombination effects are included.
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problem presented in the preceding section shows that the inclusion of the excitation and other
relaxation processes (i) completely removes these simple characteristics and (ii) indicates that,
in general, no simple single exponential decay regions exist where lifetimes may be accurately
extracted from one decay curve.

Figure 10 shows results of the same calculation as displayed in Fig. 9, but with the
effect of BB recombination included, assuming ND = 2x10'7 cm>. The long lifetime region
at early times has disappeared, and the later slopes, although roughly parallel to one another,
now represent a different effective lifetime than in Fig. 9. Clearly, it is not possible, in
general, to extract both the majority carrier and minority carrier lifetimes from the slopes of
TPL curves using this type of analysis, unless accurate knowledge of other parameters such as
the donor density (for n-type samples), the radiative recombination coefficient, the Auger
recombination coefficient, and the interface recombination velocities are obtained. Finally, we
point out that the analysis displayed in Fig. 9 also ignores the limitations on the achievable
carrier densities, clearly displayed in Fig. 5. These limitations are the result of nonlinear
recombination during and immediately after the generation process if the photogenerated
carrier density becomes large enough. However, in their analysis, only the curves with large

“initial" carrier densities display the plateau-like region with the decay time given by T+ s
C. Recombination rate analysis

Utilizing the slope measurement technique described in the introduction, some

2,3,5,6,7,13,19,20,23,24,25

authors have extracted a recombination rate from TPL curves, and

have ascribed this rate to a variety of recombination processes operating simultaneously, e. g.,

R =

tot RSRH + RBB + RAuger +

Rsurf (12)

where Rwt is the total recombination rate, RSRH is the SRH recombination rate, RBB is the BB

recombination rate, R Auger is the Auger recombination rate, and L is the surface

of
recombination rate. Often, at this point, these rates are approximated as an excess carrier

density divided by a lifetime, so that R, =4p/7., Ropy = 4p/ Tsri® Rpg = AP/ Tgp,

R Auger — Ap/r Auger The surface recombination rate in these studies is usually approximated
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in an ad hoc manner as R_ ¢ = 254p/d, where § is the surface recombination velocity and d

is the thickness of the luminescing material. This analysis leads to the result

1/r ¢ = 1/1'S

to + UTB

+ lUr Auger +2S/d . (13)

RH B

Note that for small enough values of S or large enough values of d, the surface recombination
part can be ignored. For a 5 um thick sample and S = 1000 cm/sec, the surface
recombination "lifetime” is 250 nsec. For S = 100 cm/sec and d = 1 um, the surface
recombination "lifetime” is 500 nsec. However, for S = 105 cm/sec and a 5 um thick sample,
the surface recombination "lifetime” is 2.5 nsec. Thus, care must be taken when considering

the effects of interface recombination. In many cases, the analysis for n-type samples uses

TSRH = Tp , (14a)

Tep = I/BND , (14b)
and

TAuger = 1/ CND2 ) (14¢)

where B is the radiative recombination coefficient, C is the Auger recombination coefficient,
and ND is the number density of donors. This analysis is adequate as long as Ap < < ND and
as long as surface recombination effects are not important. Consequently, it may be
reasonable to apply such analysis in TD3, but certainly not within TD1 or TD2. Furthermore,
uncertainties in the recombination coefficients or donor densities may preclude accurate
extraction of the minority carrier lifetime.

Figure 11 shows results of additional simulations designed to explore the possibility of
extracting either T orr + T from recombination rate analysis, as has been suggested by
Ahrenkiel and coworkers.> In what follows, we ignore the effects of interface recombination.
Instead of displaying the actual PL decay curves as in the previous figure, Fig. 11 shows the
effective lifetime which would be derived from the slope of the decay curve as a function of
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Figure 11. Effective lifetime found by simulation as a function of the maximum minority carrier
concentration in the sample, for minority carrier lifetimes of 5 nsec (solid line), 50 nsec, (dotted
line) and 100 nsec (dot-dashed line). The majority carrier lifetime is ten times the minority carrier
lifetime. Np = 21017 cm™3.
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the maximum value of the excess minority carrier density p in the sample. These results were
obtained by setting the sum of the BB, Auger, and SRH recombination rates equal to Ap/r off
and solving for TegraSa function of Ap, i.e.,

R = RSRH + RBB + RA“ger = Ap/ Teff (15a)
or

Toff = Ap/ (RSRH + RBB + R Auger) (15b)
where RSRH and RBB are defined as in Egs. (6) and (7) above, and R Auger is defined as

Rauger = Cp(p*-Npp,) + Cy(Pn® - pNp2) (16)

with C = 4x10™° cm®/sec and C_ = 1.8x10"" cm®/sec,*® and where pN_ = n.%. In this
way, the range of values taken by the observed lifetime can be readily determined. The three
curves correspond to T values of 5, 50, and 100 ns. The majority carrier lifetime 7 n is always
taken to be 10 times ™ and N, = 2x10!7 cm™3.

The progress of the TPL experiment for the case of T, = 5 ns can be traced along the
solid line, as follows, in Fig. 11. Before the laser pulse occurs, the minority carrier density p
has its equilibrium value which is approximately zero for these n-type samples. As the laser
pulse excites the sample, creating electron-hole pairs, p increases, moving along the solid
curve to the right. Near the peak of the laser pulse, p will take on its largest value. This
value will depend on the laser pulse energy and duration. At this time, the carrier distribution
in the sample is highly nonuniform, being determined by the complex interplay of the optical
absorption length and the carrier concentration-dependent recombination processes. The
location in the sample where the maximum carrier density o s is undoubtedly near the
illuminated surface and at the peak of the Gaussian spatial profile of the pulse. The value of
this maximum saturates, as shown in Fig. S, at the carrier density where G = th, i. e., the
combined recombination rate is equal to the generation rate. This carrier density can be
computed to be about 2.5x10'® cm™ for the parameter values selected. Once this carrier
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density is reached, as many carriers are recombining per unit time as are being generated. At
this time, Teff is very short due to the high value of Rp,. These conditions cause the high
initial slope in the experimental decay curve shown in Fig. 1.

During the first few nanoseconds following the laser pulse, p decreases rapidly and the
solid curve in Fig. 11 is traced back to the left. The value of T g is seen to increase to a
maximum value, corresponding to the plateau in the experimental TPL curve in TD2. The
previous discussion of Eqs. (2) and (3) and the analysis presented by Ahrenkiel and
coworkers® suggested that this maximum should be T+ T The conditions of the solid line
simulation are such that Tt T = 55 ns, yet it is clear that the maximum value of T g 15
approximately 10 ns. At later times when p is smaller, L~ does not exactly equal Ty In the
solid line case, Togr = 4.17 ns, while rp = 5 ns. Thus, it must be concluded that even in
Al Ga _As and GaAs samples with T, short as 5 ns, BB recombination will prevent both
the observation of T and 7+ T in the decay curve.

The dotted and dot-dashed lines in Fig. 11 correspond to samples with minority carrier
lifetimes of 50 ns and 100 ns, respectively, which are more nearly equal to those achieved in
state-of-the-art MOCVD samples. In these cases, the role of BB processes in determining Tost
is even greater. For a sample with T, = 50 ns and T, = 500 ns, the corresponding T g At low
p is 16.7 ns, while the high p limit is approximately 18 ns instead of 550 ns. For a sample
with rp = 100 ns and T = 1000 ns, the corresponding Tt at low p is 20 ns, while the high p
limit is approximately 18 ns instead of 1100 ns. Therefore, in higher quality samples where
the SRH lifetimes are larger, the BB processes must be included in the model. Furthermore,
in these high quality samples, extraction of the minority carrier lifetime from samples
dominated by BB recombination may be problematical.

A different representation of these results is given in Fig. 12. Here, the rates R
Rpps and R Auger &€ plotted as functions of the same p as in Fig. 11. The solid lines
correspond to the BB and Auger rates. The three broken curves correspond to the SRH rates
for the three lifetime cases shown in Fig. 11, i. e., minority carrier lifetimes of § nsec,
50 nsec, and 100 nsec. Comparing the BB rate to the SRH rate for the 5 nsec minority carrier
lifetime (dash-dotted line), it is clearly seen that for Ap > 1x1017 cm’ , RBB is dominant and

3

that Auger does not dominate until Ap > 5x10'° cm™, However, this is in the regime where

the BB process is second order, as revealed by the slope of 2. By the time p has decreased
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Figure 12. Band-to-band, (solid line) Shockley-Read-Hall (SRH), and Auger (solid line) re-
combination rates as a function of the maximum minority carrier density in the sample. for
three different minority carrier lifetimes of 5 nsec, (SRH dash-dotted line) 50 nsec (SRH
dotted line), and 100 nsec (SRH dashed line). Np = 2x1017 ¢cm™3.
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sufficiently that the BB process is pseudo-first order, the rate Rpp has become smaller than,
but comparable, to RSRH' Note that for the other two cases considered, i. e., minority carrier
lifetimes of SO ns and 100 ns, the BB rate is always larger than the SRH rates (dotted and
dashed curves, respectively). Another way of displaying these same features is shown in
Fig. 13, where we plot the Auger and BB lifetimes (solid lines) aleng with the SRH lifetimes
for these same three cases. The only situation in which the BB effects will be negligible is in
low doped samples where the BB lifetime computed from Eq. (1) is too long for the BB
process to compete with the SRH relaxation.

In Fig. 14, we show the results of a simulation similar to that in Fig. 11, except that
Np = 1x10'* cm™ instead of 2x10'7 cm™. The limiting 7 . values are seen to closely
approximate Tp in the low p regime. However, in the high p regime, the limit (-rn + T ) is

not reached, even though Tep = 50 usec and 7 Auger = 556 sec. In Fig. 15, we show the

results of a simulation of the lr;'..cu..)ination rates similar to that in Fig. 12, and in Fig. 16, we
show the results of a simulati .. of the effective lifetimes of the BB, Auger, and SRH processes
similar to those in Fig. 13. Note here, however, that the SRH rates for all three cases are
substantially larger than the BB or Auger rates at low values of Ap, and correspondingly, the
SRH lifetimes are shorter than the BB and Auger lifetimes. However, because of the low
value of N, , the SRH rates do not take on their low density values until Ap < 1x10'3 em™.
In measurements limited by signal-to-noise considerations, the lifetime at these low carrier
densities may not be observable.

Figure 17 displays resuits of several simulations in which T is kept fixed at 5 ns and

3and

, is varied parametrically from 25 to 500 ns, for (a) N = 2x10"7 cm’
®) N, = 1x10" em™. We note that, as before, at no carrier density does the carrier lifetime
become T + rp . Furthermore, these results show that longer majority carrier lifetimes can
extend the time required for the asymptotic decay regime to be reached. This length of time is
an important experimental consideration because the PL emission intensity is dropping
exponentially with time. A long delay in reaching a single exponential decay can result in an

unusable signal-to-noise ratio.
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Figure 13. Band-to-band (solid line) Shockley-Read-Hall, and Auger (solid line) effective life-
times as a function of the maximum minority carrier density in the sample, for three different
minority carrier lifetimes of 5 nsec (SRH dot-dashed), 50 nsec (SRH dotted line), and 100 nsec
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Figure 14. Same as Figure 11, except that equilibrium carrier concentration in sample is 1x1014
instead of 2x10!7 cm™3.
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Figure 15. Same as Flgure 12, except that equilibrium carrier concentration in sample is 1x1014
instead of 2x10'7 ¢cm-3
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Figure 16. Same as Figure 13, except that equilibrium carrier concentration in sample is 1x10'4
instead of 2x10'7 cm3,
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Figure 17. Same as Figure 11, except that minority carrier lifetime is kept fixed at 5 nsec and major-

ity carrier lifetime is varied as shown: (a) Ny = 2x10'7 cm™3 and (b) Np
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III.  DISCUSSION

The basic formulation of these recombination processes has been available for some
time. However, they have been applied recently in a confusing and inconsistent fashion. The
inconsistencies and confusion in the analysis of TPL results are best shown by discussion of
some specific examples. These examples are not the only cases where recombination analysis
has been misapplied, but they serve to illustrate the points made above.

As we mentioned in the introduction, recent measurements of the minority carrier
lifetime in AlGaAs SHs were performed using the slope extraction technique.3 The analysis of
these results attempted to incorporate the saturation of the SRH process properly. However,
the analysis did not carefully consider the effective saturation of the carrier density in TD2 due
to the initial rapid BB recombination in TD1. Because of this effective saturation, it may not
be possible to obtain carrier densities within TD2 such that Ap < < N, . Consequently, the
majority carrier lifetimes extracted from these results may be substantially in error.
Furthermore, the analysis neglected the effects of BB recombination. Thus, in principle, the
minority carrier lifetimes extracted from these results must be corrected to account for BB
recombination. However, the BB lifetimes at these doping densities are much longer than the
extracted minority carrier lifetimes. Consequently, we estimate the effects of neglecting BB
recombination in extracting these minority carrier lifetimes to be, at most, a few percent. A
careful analysis of the various measurements using numerical techniques similar to those
described above would be required to accurately extract the correct minority and majority
carrier lifetimes.

Recently, TPL measurements have been reported on p-GaAs DHs with doping densities

m>.2  Excitation levels were approximately 10" cm’.

ranging from 10" 10 10" ¢
Consequently, these measurements were interpreted as having been performed in the low
excitation regime in which the radiative relaxation is pseudo-first-order and the SRH lifetime is
the minority carrier lifetime T, - As is discussed above, this is valid as long as the majority
carrier lifetime is no more than ten times the minority carrier lifetime. Furthermore, the TPL
results are single exponential decays across the entire time domain of the measurements, which
is an indicator of the low excitation regime. Lifetimes were extracted using the slope

extraction technique. Interface recombination and photon recycling effects are also included in
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the analysis. Thus, the lifetimes extracted from the analysis are obtained in a manner
consistent with proper analysis as described above.

The slope extraction technique was also recently used to determine minority carrier
lifetimes from AlGaAs alloys.13

minority carrier lifetime by taking into consideration surface or interface recombination

An effective lifetime was extracted and related to the

effects. However, it is not clear from the presentation within which time domain the lifetime
is extracted. In TD1, the TPL measurements show the rapid relaxation which is clearly
identified with nonlinear recombination phenomena. Furthermore, the competing effects of
SRH, BB, and Auger recombination were not taken into account. Thus, the true minority
carrier lifetime does not emerge from the analysis.

TPL measurements have recently been reported for “'Alo.:;sGao. oA SHs and DHs.?
These data were analyzed on the basis of an analytical solution to the one-dimensional
diffusion equation which incorporates recombination as simply Ap/r. As we have shown
above, this analysis requires extraction of the minority carrier lifetime from an effective
linearized lifetime that includes the competing effects of the SRH, BB, and Auger processes.
Furthermore, this analysis is only valid for the low excitation regime in which Ap < < N..
However, laser pulses with a fluence at the sample of about 0.1 mJ/cm? were used. For this
alloy, the absorption coefficient is larger than 2x10* cm! for an absorption depth of less than
0.5 um. At these fluences, the photoexcited carrier densities will at least be comparable to the

doping levels of their samples, which range from 4x10"° 10 4x10'® cm™

. Consequently, a
proper analysis of these results would at least require inclusion of the saturation of the SRH
process.

TPL measurements have also recently been reported for p-GaAs DHs.” Lifetimes were
extracted from these results with a fit using an analytical solution in the form of a Fourier
series solution to the transient diffusion equation. The recombination in this model is
linearized to the form An/7 . In these results, the lifetime is a combination of a nonradiative
component (SRH) and a radiative component. However, the nonradiative component of the
lifetime is treated as a constant, independent of carrier density. As we have seen, SRH
recombination has a complicated nonlinear dependence on intensity unless the TPL
measurements are performed in the regime in which An << N A From the qualitative

features of these TPL results, it is clear that during TD1, nonlinear recombination effects
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dominate the response. However, it is not clear that the exponential region from which the
lifetimes were extracted is TD3. It is likely that these lifetimes have been extracted from
TD2, in which case a more complete formulation of the recombination problem must be
performed in order to extract meaningful lifetimes.

TPL measurements have also recently been reported for n-GaAs and n-Al, Ga As
DHs.®> In this work, the importance of including radiative recombination in the analysis of
typical TPL measurements is acknowledged, but the authors assert that the measurements were
periormed on samples in which SRH effects dominate. The recombination effects model based
solely on the SRH process as described in the previous section was used to extract both
minority and majority carrier lifetimes. As we have shown in the previous section, this is not
generally valid.

In more recent work, TPL measurements were performed on n-GaAs DHs.® TPL
measurements were performed for a variety of sample thicknesses ranging from 0.25 to
10 um. The doping levels were relatively high ( 1.3x10'” < NJ < 3.8x10'® cm™). The
measured lifetime is described in terms of an effective lifetime incorporating SRH, BB, and
Auger effects as well as surface recombination. For the intensities used, it seems likely that
the measurements were performed in the low excitation regime, so that the SRH lifetime is
equal to the minority carrier lifetime. From the analysis, a slight dependence of the BB
recombination coefficient B on the doping level was deduced. This has been previously
discussed by Gershenzon, who concluded that such a dependence is not reasonable.”® A
possible complication of these results is that the All_xGaxAs layers used for passivation and
confinement are Al ,Ga, ,As, which has significant absorption at the 600 nm excitation
wavelength. This would produce carriers in the Al ,Ga, ,As layers and would reduce the
carrier density within the GaAs active region. The resulting carrier dynamics could be
substantially influenced by carrier transport and recombination at the interfaces. A further
complication comes from the fact that the luminescence comes from a photoexcited n-GaAs
DH fabricated on a p-GaAs substrate. Consequently, for the thinner structures, it is highly
likely that some luminescence from the substrate and the p-GaAs buffer layer is observed.

TPL techniques have also been used to investigate the carrier recombination dynamics
of a number of Cr-doped GaAs samples. 19
dimensional model similar to Egs. (1)-(5) above, with the recombination term treated as

The results were analyzed in terms of a one-
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simply Ap/r. In this model, the samples were treated as semi-infinite slabs. This leads to an
analytical solution of the carrier evolution equation. However, good fits to the results were
not obtained using commonly accepted values for the diffusion coefficient and surface
recombination velocity. Capture cross sections were deduced from the measured lifetimes and
the known dopant densities. However, the extracted cross sections were not self-consistent
over the range of samples investigated. These inconsistencies are most likely due to the fact
that this formulation of the carrier recombination problem does not properly incorporate the
effects of the competing SRH, BB, and Auger recombination processes. The short lifetimes
that reported for these samples are consistent with the nonlinear processes that occur in TD1.
An electro-optical cross-correlation technique similar to the TPL technique has recently
been used to measure the carrier recombination dynamics in GaAs/AlGaAs superlattice

structures. 2°

The results were analyzed using a similar analytical solution with carrier
recombination linearized as An/r. The lifetimes extracted from such analysis are at best
effective lifetimes incorporating the competing effects of SRH, BB, and Auger recombination.
However, the excitation levels in these measurements were large enough that the photoexcited
carrier densities are larger than the doping levels. Clearly, under these circumstances, a more
detailed model must be used to properly incorporate the nonlinear recombination processes.
TPL measurements have also recently been performed upon a variety of multi-quantum

well structures.24

The active regions in these structures had well thicknesses of less than 20
nm. Consequently, other physical phenomena than those incorporated into our discussion may
play a role in these results. Nonetheless, the measured TPL curves display features consistent
with the TD1, TD2, and TD3 regions described above and are observed to depend strongly
upon increasing excitation. The lifetimes extracted from these measurements were probably
taken from TD2. Consequently, the extracted lifetimes would not be the minority carrier
lifetime, nor could the minority carrier lifetime be extracted from such information.

Finally, we note that the conclusions drawn above concerning TPL measurements may
also impact other measurements of photogenerated effects in semiconductor materials and
devices. Recently, zero field time-of-flight measurements have been performed upon p-type
C- doped GaAs samples.31 A model was developed for evaluating the transient voltage pulse
produced in the sample. The analysis consisted of an equivalent circuit model incorporating

the evolution of the photogenerated carriers with a carrier evolution model similar to Egs. (1)-




(5) above. The model has nine parameters, of which only the diffusion coefficient and the
"carrier lifetime” were treated as free parameters. The result of this analysis yields an
analytical solution to the problem in the form of an infinite series. However, in order to
obtain this analytical result, the analysis of the recombination processes involved in these
samples approximates the recombination rate as An/r. Clearly, considering the analysis
provided above, it is evident that the lifetimes extracted from these results are not the minority
carrier lifetimes. Even if the carrier densities were low enough that An < < N A’ then the
extracted lifetime would not be the minority carrier lifetime T but would be
Ur = 1/rn+BNA+CpNA2 . an

Applying such analysis to the values extracted for T of 0.17, 0.45, and 2.0 nsec from the
room temperature results, we obtain values of 0.33, 1.1, and 7.9 nsec for the minority carrier
lifetime. We emphasize, however, that this result can only be meaningful if the excess carrier
densities in the samples during these measurements are less than the number of carriers
initially in the sample due to the dopants. Otherwise, it is impossible to extract the minority
carrier lifetimes without a detailed fit to the results using a model that treats the recombination
processes more accurately. The authors do not provide estimates of the carrier concentrations

produced in the samples during the photogenerated transients. Consequently, the accuracy of
this evaluation cannot be verified.
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IV.  CONCLUSIONS

We have compared and contrasted different methods of analyzing TPL measurements.
From our analysis of the recombination processes associated with TPL measurements, we can

draw the following conclusions.

1. The effective lifetimes extracted from the slopes of TPL curves do not, in general,
correspond to any single physical lifetime such as the minority carrier lifetime.
2. In general, it is not possible to extract the minority carrier lifetime from a single TPL
measurement. It is possible to extract the minority carrier lifetime from a single TPL
measurement if (a) the optical intensity of the excitation pulse is low enough so that nonlinear
BB and SRH recombination effects do not distort the TPL transient and if (b) the radiative
recombination coefficient, the Auger recombination coefficient, the donor density (for n-type
samples), and the interface recombination velocities are accurately known.
3. The slopes of the TPL curves in TD2 described in the introduction do not, in general,
correspond to the sum of the minority carrier and majority carrier lifetimes as suggested by
Ahrenkiel and coworkers.’
4. The generalized recombination analysis performed by some workers, in which the
recombination rate is approximated as Ap/r , is not meaningful unless the carrier densities
produced in the sample are accurately known and the fundamental parameters described in (2)
above are accurately known.
5. Saturation of the SRH centers can cause BB recombination to dominate even when
7p < 7 if 7y < 7p.
6. At very high excitation levels, nonlinear recombination rapidly reduces the
photoluminescence. Within TD2 and TD3, TPL curves produced at these excitation levels
appear to be independent of excitation intensity. An aspect of this phenomenon is that since
the observed decay curve will appear to be independent of excitation level, this might be
mistaken for the low excitation limit. Thus, the response within the first few nanoseconds of
excitation must be carefully examined.

Consequently, for samples where the conditions outlined in (2) above are not met, a

series of measurements over a range of intensities, followed by detailed analysis using
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numerical techniques similar to those outlined above, will be required to extract the desired
parameters. In order for the analysis to be effective, the excitation levels must also be
accurately known.
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APPENDIX
SIGNAL-TO-NOISE RATIO AND DYNAMIC RANGE OF TRANSIENT
PHOTOLUMINESCENCE MEASUREMENTS AT LARGE SPOT SIZE AND LOW
EXCITATION LEVEL.

If one photoexcites a double heterostructure (DH) at a low enough excitation level, one
can stay in the regime where the recombination rate is quasi-linear. In this regime, for an n-
type sample, the lifetime is given by

— 2
l/'reff = 1/'rp + BND + CnND ) (A1)

where Tp is the minority carrier lifetime, B is the radiative recombination coefficient, ND is
the number of donor electrons, and Cn is the Auger recombination coefficient for the electron-
electron-hole process. Can one stay in this regime and detect a signal using standard TPL
measurement techniques?

In this regime, the radiative recombination rate is

R4 = BNp p(x,y,2,1), (A2)

where p(x,y,z,t) is the excess minority carrier density within the sample. The total number of
photons emitted from the sample per unit time is the integral over the photoexcited volume of
the radiative recombination rate. Consequently, if p(x,y,z,t) is small, the radiative rate is
small. This may cause detection problems if one is limited by signal-to-noise considerations.

One possible solution is to use a fairly energetic laser pulse in conjunction with large
spot sizes. With a large enough spot size, one can keep the energy density in the photoexcited
volume low enough that one can stay in the quasilinear regime. Furthermore, there should be
plenty of signal, providing that one can collect a substantial portion of the light emitted from
the sample.

Consider a uniformly illuminated disk of volume

V = L, (A3)
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where r is the radius of the photoexcited volume and L is its thickness. Assume that
ND = 1x1014 cm'3 and that we wish to keep p(x,y,z,t) < ND. The number of photons

radiated per unit time is

N = VR 4 = 1> LB N pix,y,2,0). (Ad)

The evolution of the excess carrier density under these conditions is given by

or

P(x,y,2,8) = pg exp(-U7 ), (A6)

where P, is the initial excess charge carrier density. Here, we have assumed that the excitation
is a delta function compared to the decay and that diffusion and surface recombination do not
affect these results. The total number of photons emitted over a time intervalt = Otot = T is
given by the integral over the time interval of the number of photons emitted per unit time,
ie.,

2

N ot

ForT >> T gt ? the quantity in brackets is approximately unity, so that

tot _ _2
Np =xr"LB ND Py Teff (A8)

Assuming that 7, = S nsec, B = 2x107'% cm’/sec, and C_ = 1.8x10°" em®/see, 7 is
approximately equal to T
The number of photons observed depends upon the collection efficiency of the

apparatus. Assume that the emitted light is collected by a lens of diameter d placed a distance
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D from the sample and that all of this light is sent into the detection apparatus, i.e., the
monochrometer and detector. Then the collection efficiency is

K = 7Tm(d/4D)2(1-R), (A9)

where T, is the transmittance of the monochrometer, R is the reflectivity of the semiconductor
material at the wavelength of the emitted photons, and v is the quantum efficiency of the
JoeCtor.  Assume that Tm = (0.1, R = 0.35 and that vy = 0.25. Further, assume that our
apparatus has a 2 in. diameter lens placed 6 in. from the sample. Consequently,
K = 1.13x10 "*. The number of photons collected is

Np° = KNP‘°‘. (A10)
For a spot 5 mm in radius and a DH thickness of 5 um, and for 1p = 5 nsec, we obtain 44
photons of signal from each excitation pulse. One would like to keep the count rate at about
0.01 photons per pulse to ensure the validity of the time-correlated single photon counting
technique.l Consequently, it seems that there is plenty of signal to perform TPL
measurements this way.

In order to photogenerate 10" carriers cm™ in the indicated volume, one needs
approximately 6x10° photons in a pulse. At the laser wavelength of 590 nm, this corresponds
to approximately 2 nJ per pulse. At a repetition rate of 400 kHz, this corresponds to an
average power of 0.8 mW.

At long times after excitation, the count rate will fall off substantially. The total
number of photons emitted over a time interval t = T, tot= T, is given by the integral over
the time interval of the number of photons emitted per unit time, i. e.,

N tot _ ﬂ2 LB ND P Teff [exp(-Tllreff )-exp(-T2/7 off ). (AlD)

The total number of photons emitted during the period from t = Tl to t = infinity is given by

tot _ 2
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The signal has decayed by four orders of magnitude when t > 9 T g - For the parameters
given above, this corresponds to T, = 45 nsec. Including the collection efficiency calculated
above, we obtain 5.5x10" counts per pulse in the time interval beyond 45 nsec. For a five
minute counting interval at a repetition rate of 400 kHz, this corresponds to 650,000 counts.
Most of these occur within the time interval from t = 45 nsec to t = 90 nsec, with only 81
counts over the entire time interval after 90 nsec. Consequently, we estimate that the dynamic

range of this technique is somewhere between four to eight orders of magnitude for these
parameters.
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